Abstract. Between days 175 and 180 (June 24 through 29) of 1999, the PLS instrument on Voyager 2 observed alpha particle enhancements with fractional percentages of alpha to proton number densities exceeding 10%. Ulysses (located at 5.3 AU) observed at least two candidate source features for these enhancements. To identify the correct source structure, a 1D MHD model was used to propagate the Ulysses plasma data to the Voyager radial position (58.2 AU). An ICME-related alpha enhancement observed by Ulysses beginning on day 331 (November 27), 1998 appears to be the correct feature. While a speed jump and cosmic ray decreases were observed by Ulysses in conjunction with this alpha enhancement, the timing of these features differed markedly at Voyager 2. The speed jump arrival-time difference is due to the faster propagation of the shock relative to the rest of the ejecta. It is unclear what mechanism is responsible for the delay in the cosmic ray decrease. Nevertheless, we have demonstrated that alpha enhancement signatures of ICMEs can be used to track these features to heliospheric distances > 50 AU.
Introduction
Coronal mass ejections (CMEs), through their interplanetary counterparts (ICMEs), often trigger geomagnetic storms [e.g., Gosling et al., 1991] , making them of great importance to space weather studies [Luhmann, 1997] . Thus, much previous work has focused on CME manifestations at the Sun using SOHO and Yohkoh data (see, respectively, Howard et al. [1997] and Hudson and Webb [1997] ) and on ICME behavior at 1 astronomical unit (AU). Certain signatures of some ICME classes are widely accepted (Neugebauer and Goldstein [1997] , and references therein), including bidirectional electron streaming, magnetic field rotations, low H + temperatures, cosmic ray decreases due to magnetic field exclusion, and alpha (He ++ ) enhancements which represent the actual ejecta.
Studies to coordinate observations of CMEs at the Sun and ICMEs at various locations in interplanetary space have also been performed [Gosling et al., 1995; McAllister et al., 1996] . Such work has focused on ICMEs in the inner heliosphere, using data from spacecraft such as Wind and ACE near 1 AU and from Ulysses out to ∼5 AU. As the solar wind propagates outward from the Sun, structures evolve through interaction, resulting in such features as merged interaction regions (MIRs) and global MIRs (GMIRs) [Burlaga et al., 1997; Burlaga and Ness, 2000] . Some of the signatures associated with ICMEs in the inner heliosphere, namely bidirectional electrons, magnetic field rotations and low H + temperatures, may not be observable in the outer heliosphere due to shock and stream interactions and the expansion, cooling, and loss of magnetic pressure as the ICMEs propagate outward, as well as to instrumental limitations. However, because plasma cannot cross field lines, alpha particle enhancements will persist. Such enhancements can therefore be used to look for the remnants of inner heliospheric ICMEs in the outer heliosphere.
Observations and Model Results
In 1998 and 1999, the PLS instrument [Bridge et al., 1977] on Voyager 2 observed several alpha particle enhancements between 54 to 58 AU [Wang and Richardson, 2001] . As is discussed in Wang and Richardson [2001] , these periods had enhanced helium abundances for at least 12 hours which peaked at or above 10% of the proton density; such enhancements were observed during only ∼1.1% of the 1977 to 2000 Voyager 2 mission period. The instrument detection threshold for alphas is 1-2 x 10 −4 cm −3 , so a 10% abundance can be detected if the proton density is above 0.5-1 x 10 −3 cm −3 ; thus, at 58 AU a 10% alpha abundance can be observed if the 1-AU normalized proton density exceeds 1.7 to 3.4 cm −3 . The day 175-180, 1999 alpha enhancement ( Figure 1a ) was an extended period of enhancement at the trailing edge of a large density structure (Figure 1c) , probably an MIR (days 150-180). As seen in Figure 1c , the density for this period would easily allow alpha abundance enhancements greater than 10% (the dotted horizontal line) to be seen if they were present. Voyager 2 was at approximately -20
• S heliographic latitude (Figure 2b ), similar to the -29
• S heliolatitude of the Ulysses spacecraft, located at approximately 5.3 AU (Figure 2a ). The Ulysses data were examined for structures which correlated with those observed by Voyager. Initially, the times for examination were calculated from a simple ballistic back-propagation using the average solar wind speed at Voyager 2 for the 180 days up to the time of the alpha observations (400 km/s). The time offset due to the spacecraft longitudinal separation was neglected, as expansion of the ICME as it propagates outward would make such an offset irrelevant, at best, and increase the timing error, at worst. The calculated departure time at 5 AU was day 309 of 1998; the latitude of Ulysses at that time was within a few degrees of that of Voyager 2.
The Ulysses data ( Figure 3a) show an alpha enhancement near the calculated time. The alpha enhancement is accompanied by an unusually high O 7+ /O 6+ charge state ratio and a very high average iron charge state of up to 16 (charge states above Fe 16+ are observed extremely rarely as this ion has a closed-shell electron configuration like the noble gas neon and therefore is hard to ionize further). This indicates an extremely high source temperature in the corona of ∼3 or 4 MK and thus marks the event unequivocally as a CME [e.g., Galvin, 1997] . However, because the solar wind slows down due to charge-exchange with interstellar neutrals [Wang et al., 2000a] , the ballistic back-propagation time is actually the maximum time plasma from Ulysses' radial distance should take to arrive at Voyager 2. Since several potential source features are present (for example, the alpha enhancement beginning on day 331, 1998), absolute identification of the appropriate Ulysses structure is difficult. Therefore, the Ulysses data from day 298 of 1998 through day 224 of 1999 were used as input to a one-dimensional (1D) magnetohydrodynamic (MHD) model [Wang et al., 2000b] . This model assumes an interstellar neutral density of 0.05 cm −3 at the termination shock, allowing inclusion of effects due to slowing down caused by pick-up ion generation. Figure 4 shows snapshots of a portion of the propagated density at increasing radial distances. The top panel shows part of the input (Ulysses) data set, with dashed grey lines delineating the period of alpha enhancement (days 331-336, 1998 ). The bottom panel shows the propagated data at 58 AU (black), compared with the Voyager 2 observations at 58.2 AU (grey); the Voyager 2 alpha enhancement period is marked by the black vertical dashed lines. On each panel a downward arrow points to a region of persistent low density, possibly a rarefaction trailing the initial ICME shock. This region is used as a marker to track the alpha enhancement period from ∼5 to 58 AU. At 58 AU this low-density region in the propagated data aligns well with the observed low-density feature which immediately follows the Voyager 2 alpha enhancement period. Thus, we believe that the second Ulysses alpha enhancement, marked on Figure 3 by grey dashed vertical lines, is the matching feature at 5.3 AU of the Voyager 2 observations at 58.2 AU.
The cosmic ray data at each spacecraft is shown in Figures 1b and 3b . Cosmic ray decreases, such as that observed by the Ulysses COSPIN/KET [Simpson et al., 1992] within the dashed lines in Figure 3b are associated with ICMEs observed in the inner heliosphere [e.g., Richardson, 1997] . Such features result from the exclusion of particles by the high magnetic fields associated with ICMEs or associated MIRs. However, the closest cosmic ray decrease visible in the Voyager 2 data from the CRS instrument [Stone et al., 1977] occurs about 10 days after the alpha enhancement period (Figure 1b) . This behavior is similar to that seen by Burlaga et al. [1999] in 1998, with a ramped increase followed by a later decrease. Although the Voyager 2 CRS data from 1999 are dominated by anomalous cosmic rays and the Ulysses KET data shown are primarily galactic cosmic rays, a decrease should be seen in both data sets when the magnetic field enhancement is large enough. Thus, the clear pattern of onset of the cosmic ray decrease in close time association with other features, such as the density (and presumably magnetic field) enhancement, does not necessarily persist to the outer heliosphere. This may be due to the weakening of the magnetic field strength with increasing radial distance, or to evolution of the relative timing of the various ICME internal structures. For example, the solar wind speed increase, because of the enhancement of the ICME shock speed above the background speed, arrives earlier than the density and alpha enhancements (a speed propagation figure similar to Figure 4 , not presented here, demonstrates that the speed increase arrives about 25 days before the density increase).
Discussion
The longitudinal separation of Voyager 2 and Ulysses (∼130
• ) make it highly unlikely that identical plasma was observed at the two spacecraft. However, in the inner heliosphere, identification of an ICME with a longitudinal extent of at least 100
• has been made [McAllister et al., 1996] . This, combined with the good agreement between the observed and modeled timing of the alpha particle enhancement, indicates that the Voyager 2 enhancement is likely to be the outer heliospheric remnant of the ICME observed by Ulysses, although we cannot exclude the possibility that Voyager 2 and Ulysses observed two separate, but very similar, events that originated at similar times. Other characteristics of this ICME at Voyager, such as the disassociation of the speed jump and the cosmic ray decrease, differ from those in the inner heliosphere, prompting consideration of whether this alpha enhancement itself is still the actual ICME. In the inner heliosphere, alpha enhancements above 10% are considered to be a sufficient, if not necessary, condition for the presence of ejecta associated with ICMEs [Borrini et al., 1982] . Therefore, since the frozenin condition prevents such enhancements from moving with respect to the magnetic field, we believe that at least the 5-day period of alpha enhancement is the outer-heliospheric manifestation of the ICME itself.
Summary
Between days 175 and 180 of 1999, the PLS instrument on Voyager 2 observed alpha particle enhancements with fractional percentages of alpha to proton number densities exceeding 10%. An alpha enhancement with similar characteristics was present in the Ulysses data from 5.3 AU beginning at day 331, 1998. A 1D MHD model was used to propagate these data to the radial position of Voyager 2; a low-density region just after the day 331 alpha enhancement served as a clear tracer of this ICME. After propagation, this low-density region coincided with a similar feature observed at Voyager 2 immediately following the alpha enhancement period, leading to the identification of the day 331, 1998 ICME observed by Ulysses as the source ICME for the Voyager 2 alpha enhancement. The overall density character of the propagated Ulysses data matched the Voyager observations quite well; this was also true for the speed data.
While a speed jump and cosmic ray decreases were observed by Ulysses in conjunction with this ICME, the timing of these features at Voyager 2 differs by -25 and +10 days, respectively. For the speed increase, this difference is due to the faster propagation of the shock relative to the rest of the ejecta; for the cosmic ray decrease it is unclear what mechanism is responsible. Nevertheless, we conclude that at least the alpha enhancement signature of an ICME persists to heliospheric distances of over 50 AU. This has strong implications for the evolution of the solar wind as it propagates into the outer heliosphere and provides a constraint on models of merged interaction regions. many, wherein the collaboration began which resulted in this paper. KIP would like to thank A. C. Cummings for the Voyager 2 CRS data and J. D. Richardson for helpful discussions. RVS would like to thank D. J. McComas for providing the Ulysses-SWOOPS data through the ESA archive. Funding was provided by NASA contract NAG5-6473 (HMGI) to MIT and under NASA contract 959203 from JPL to MIT (Voyager).
